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ABSTRACT
Mixing above the proto-neutron star is believed to play an important role in the supernova engine, and this
mixing results in a supernova explosion with asymmetries. Elements produced in the innermost ejecta, e.g.,
56Ni and 44Ti, provide a clean probe of this engine. The production of 44Ti is particularly sensitive to the exact
production pathway and, by understanding the available pathways, we can use 44Ti to probe the supernova
engine. Using thermodynamic trajectories from a three-dimensional supernova explosion model, we review the
production of these elements and the structures expected to form under the “convective-engine” paradigm behind
supernovae. We compare our results to recent X-ray and γ-ray observations of the Cassiopeia A supernova
remnant.
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1. INTRODUCTION
Guided by the observed mixing of 56Ni in SN 1987A, as-
tronomers began to develop a model for the core-collapse
supernova (CCSN) engine where the efficiency of potential
energy release in the collapse is increased through hydro-
dynamic instabilities above the proto-neutron star (Herant
& Benz 1992). The first successful explosion produced by
modeling the collapse and engine of a massive star in mul-
tiple dimensions demonstrated that this physics was key to
the explosion process (Herant et al. 1994). Twenty-five years
later, although the nature of the hydrodynamic instabilities
remains a matter of debate, this engine has now become the
standard supernova engine (e.g., Fryer & Young 2007; Taki-
waki et al. 2014; Melson et al. 2015; Burrows et al. 2018).
The basic model argues that after the collapse of a massive
star, the core reaches nuclear densities and bounces, driving
a shock that soon stalls. The region between the dense proto-
neutron star and the stalled shock is susceptible to a number
of convective instabilities. Convection distributes the energy
from the proto-neutron star’s surface outwards to the edge of
the stalled shock, and it also reduces the mass at the stalled
shock by transporting material that was piling up at the shock
inwards to the proto-neutron star. Both of these factors in-
crease the probability of a successful explosion occurring.
This supernova-engine paradigm has undergone a contin-
uous series of verification and validation tests (including a
broad range of code-comparison studies such as those listed
in the previous paragraph) comparing model predictions to
observations. For example, driven by the need for explosion
asymmetries in models of SN 1987A, this engine model ar-
gued for asymmetries that could develop at low modes, pos-
sibly producing the “kicks” seen in pulsars (Herant 1995;
Scheck et al. 2006). By noting that the explosion energy
for this mechanism is set to the energy stored in the convec-
tive region prior to the launch of the shock, engine theorists
were able to explain the fact that although the collapse re-
leases ∼ 1053 erg, typical explosion energies are ∼ 1051 erg
(Fryer 1999). At a time when supernova observations pre-
dicted that only very massive stars would explode (Hamuy
& Pinto 2002), this engine argued that only stars with masses
(neglecting mass loss) below∼ 23 M would explode (Fryer
1999)1. Likewise, in a time when the remnant mass distribu-
tion was believed to be a set of delta functions (Thorsett &
Chakrabarty 1999), this model predicted a range of neutron
star and black hole remnant masses (Fryer & Kalogera 2001).
Both of these predictions were ultimately confirmed by later
observations (Lattimer 2012).
With the acceptance of this paradigm, observations could
then be turned to better understand the details of the model.
For example, although the convective engine does not predict
a mass gap in the mass distribution of compact remnants, the
existence of a mass gap can place constraints on the uncer-
tainties in the engine (Fryer et al. 2012). The nucleosynthetic
yields also place strong constraints on the supernova engine.
Unfortunately, most elements can only be observed if they
are excited by the reverse shock, and any abundance study
must incorporate the uncertainties in estimating the distribu-
tions and masses of the different elements in the ejecta. The
1 Not surprisingly, mass loss can alter this effect and allow more massive
stars to explode.
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reverse shock is produced as the supernova shock deceler-
ates in the circumstellar medium, and it is often difficult to
distinguish asymmetries in the explosion from asymmetries
in the circumstellar medium in these observations. The ex-
ception to these limitations is the measurement of 44Ti. The
decay half-life of 44Ti is ∼ 60 yr, and hence is ideally suited
for studies of 100–1000 yr old remnants. Photons emitted in
the radioactive decay of 44Ti and its daughter products are
a direct measurement of the 44Ti yield, unaffected by un-
certain shock dynamics and asymmetries in the circumstel-
lar medium. In addition, 44Ti is produced in the innermost
ejecta, providing a direct probe of the central core-collapse
engine. NuSTAR observations of the 44Ti distribution in the
Cassiopeia A supernova remnant provided the first glimpse
of the asymmetries in the supernova engine, as well as a
direct confirmation of the low-mode asymmetries predicted
by the convective supernova engine (Grefenstette et al. 2014,
2017).
Discussion of 44Ti and 56Ni production in the inner ejecta
of supernovae dates back just as far as investigations of the
convective supernova engine (e.g. Thielemann et al. 1990;
Hoffman et al. 1995; Diehl & Timmes 1998). The two top-
ics are nearly inseparable given the importance of 44Ti and
Fe as observational probes of deep interior supernova condi-
tions. Thielemann et al. (1996) pointed out that the produc-
tion of these isotopes depends on radiation entropy and on the
strength of the α-rich freeze-out. (Hoffman et al. 1999) dis-
cussed equilibrium features and sensitivity to reaction rates.
More recently, Magkotsios et al. (2010) presented a detailed
grid analysis of 44Ti and 56Ni production in CCSNe. The
bulk of their analysis studied simple trajectories fitting power
laws and exponential decays. A pair of two-dimensional ex-
plosions were briefly examined but not analyzed in detail.
Cassiopeia A (Cas A) is one of the best-studied supernova
remnants, with a broad set of constraints on the progenitor
at the time of collapse as well as the explosion energetics
and asymmetries (Young et al. 2006). The existence of nitro-
gen knots in the supernova remnant (Fesen & Becker 1991)
argues that the stellar material must have undergone CNO
processing and the helium envelope should have been ex-
posed (Arnett 1996). This argues that the explosion was a
type-Ib/IIb supernova, a fact confirmed by spectral and light-
curve observations of the light-echo (Krause et al. 2008). The
ejecta mass is more difficult to predict, and is based both on
kinematic properties and emission measures across a wide
range of wavelengths. These models predict ejecta masses
between 2 and 4 M. If the total mass of the star at ex-
plosion was the remnant mass (∼ 1.2–2 M) plus the ejecta
mass, then the progenitor helium star had a mass of ∼ 3.5–
6 M. This corresponds to an initial progenitor mass of
roughly 13–23 M, with the majority of the hydrogen en-
velope being stripped off by a binary interaction. These con-
straints also place limits on the explosion energy (Chevalier
& Oishi 2003).
Current studies of the nucleosynthetic yields of Cas A have
only scratched the surface of what we might learn from this
data. For example, Wongwathanarat et al. (2017) published
yields for a model resembling Cas A, but did not include a de-
tailed description of thermodynamic trajectories. They also
assumed a single value of Ye based on the progenitor compo-
sition outside a cutoff radius in their preferred model, which
was chosen to better match the Cas A remnant. Neutrino
processing may affect the final yields, but assuming a sin-
gle value of Ye is not realistic (Saez et al. 2018; Fujimoto &
Nagakura 2019). Couch et al. (2015) simulated the last few
minutes of Si-shell burning in 3D before modeling the col-
lapse and explosion, which they also ran in 3D with a single
octant and a network of 21 isotopes. Their star was evolved
to Si buring using MESA, which suffers from incorrect treat-
ment of mixing (Arnett & Moravveji 2017; Arnett & Meakin
2011; Arnett et al. 2009). Harris et al. (2017a) ran an ex-
plosion engine in 2D out to t ∼ 1 s. They use the Woosley
& Heger (2007) progenitor models evolved using KEPLER,
which also lacks an accurate treatment of convection. Eich-
ler et al. (2018) ran two simulations of different masses and
examined how the varying Ye values changed the yields of
heaver nuclei well beyond the iron group, but their 2D mod-
els suffer from dimensionality problems with convection in
the explosion.
In this project, we compare the spatial and velocity dis-
tributions of the 44Ti in an explosion based on the convec-
tive engine to the observed distributions from NuSTAR and
XMM. We produce a bimodal distribution in the Fe/44Ti ra-
tio, which we argue could be a common feature of super-
nova remnants. In addition, we find that deceleration of the
shock can re-heat material significantly enough to alter ther-
modynamic trajectories and the resulting yields. The meth-
ods used in these calculations are described in section 2, with
the 44Ti distributions presented in section 3. The 44Ti yields
relative to iron-peak elements (also synthesized in the in-
nermost ejecta) provide constraining probes of the strength
of the engine, but this requires understanding the detailed
thermodynamic trajectories that are produced in these explo-
sions, which are also discussed in section 3. We conclude
with a brief discussion of the other yields of Cas A.
2. METHODS
2.1. Stellar Models Using Tycho
The progenitor star was simulated using the stellar evolu-
tion code Tycho (Young & Arnett 2005). Tycho is a one-
dimensional stellar evolution code with a hydrodynamic for-
mulation of the stellar evolution equations. It uses OPAL
and revised low temperature opacities (Iglesias & Rogers
1996; Alexander & Ferguson 1994; Rogers & Nayfonov
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2002; Ferguson et al. 2005; Serenelli et al. 2009), a com-
bined OPAL and Timmes equation of state (HELMHOLTZ)
(Timmes & Arnett 1999; Rogers & Nayfonov 2002), gravi-
tational settling (diffusion) (Thoul et al. 1994), general rel-
ativistic gravity, time lapse, curvature, automatic rezoning,
and an adaptable nuclear reaction network with a sparse
solver. A 177-element network terminating at 74Ge is used
throughout the evolution. The network uses the latest RE-
ACLIB rates (Rauscher et al. 2000; Angulo et al. 1999; Il-
iadis et al. 2001; Wiescher et al. 2006), weak rates from Lan-
ganke & Martínez-Pinedo (2000), and screening from Gra-
boske et al. (1973). Neutrino cooling from plasma processes
and the Urca process is included.
Mass loss uses a choice of updated versions of the pre-
scriptions of (Kudritzki et al. 1989) or prescriptions based on
Vink et al. (2001); Mokiem et al. (2007) for OB mass loss,
Bloecker (1995) for red supergiant mass loss, and Lamers &
Nugis (2002) for WR phases.
Tycho incorporates a description of turbulent convection
projected down to 1D secularly evolving average behav-
ior (Arnett & Moravveji 2017), which is based on three-
dimensional, well-resolved simulations of convection sand-
wiched between stable layers, which were analyzed in detail
using a Reynolds decomposition into average and fluctuating
quantities (Meakin & Arnett 2007; Arnett et al. 2009, 2010;
Arnett & Meakin 2011; Arnett & Moravveji 2017). Unlike
mixing-length theory, it has no free convective parameters to
adjust. The inclusion of these processes, which approximate
the integrated effect of dynamic stability criteria for convec-
tion, entrainment at convective boundaries, and wave-driven
mixing, results in significantly larger turbulently mixed re-
gions. Therefore the extent of material processed by particu-
lar core or shell burning phases is higher, and the stellar core
at a given stage is more massive and denser.
The progenitor used here is a non-rotating 15 M star with
solar composition from Lodders (2010). The mass of the fi-
nal model used as the initial condition for the supernova cal-
culation was 13.15 M. This model does not include strip-
ping by a binary companion. The retention of a hydrogen
envelope would affect the late time behavior of the explosion
significantly (Ellinger et al. 2013, i.e.), but the production of
44Ti and 56Ni depends only on the structure of the deep in-
terior of the star. Relatively early mass loss would change
the structure of the progenitor star’s core, but the best can-
didate for the progenitor of Cas A is a binary with late-time
envelope ejection (Young et al. 2006). Comparing the pro-
genitor model from this calculation with a stripped model
of similar mass, the radial profiles inside the H envelope re-
vealed the density and temperature differing by less than a
factor of 10. We note that massive star models in the litera-
ture suffer from incorrect mixing physics (Meakin & Arnett
2007; Arnett et al. 2009, 2010; Arnett & Meakin 2011; Arnett
Figure 1. Mass fractions for isotopes plotted against mass coordi-
nate (enclosed mass) for the final progenitor star model.
& Moravveji 2017), which leads to significantly greater dis-
crepancies. At minimum, this difference makes our model no
less relevant than models presented in other works. Evolution
was terminated when negative velocities existed throughout
the core and the central temperature rose to T > 5× 109 K.
Figure 1 shows the mass fraction of isotopes plotted against
mass coordinate (enclosed mass) for the final model.
2.2. Collapse and Explosion Models
To model the stellar collapse and ensuing explosion, we
use a one-dimensional Lagrangian code to follow the col-
lapse through core bounce. This code includes three-flavor
neutrino transport using a flux-limited diffusion calculation
and a coupled set of equations of state to model the wide
range of densities in the collapse phase (see Herant et al.
1994; Fryer 1999, for details). It includes a 14-element nu-
clear network (Benz et al. 1989) to follow the energy gener-
ation.
The shock is then revived by adding an energy injection
following the parameterized method of Fryer et al. (2018).
In this model, roughly 5×1051 erg was deposited into the in-
ner 0.02 M in the first 150 ms. Some of this energy is lost
through neutrino emission and the total explosion energy at
late times for this model is 1.5×1051 erg. This explosion is
then mapped into our three-dimensional calculations, using
1 million SPH particles. The mapping took place when the
supernova shock had moved out of the iron core and propa-
gated into the Si-S rich shell at t < 1 s. We note that our 1D
methods employed for modeling the collapse, core bounce,
and initial explosion do not capture the full physics of the
central engine (for a discussion, see Fryer et al. 2018), and
this is a source of uncertainty in our yields calculations. The
details of the engine change the shock trajectories, and neu-
trino chemistry can change Ye values (Saez et al. 2018; Fu-
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jimoto & Nagakura 2019). The nature of the shock affects
mostly the yields after the shock falls below NSE (before it
falls out of NSE, the yields are set by the equilibrium values,
not the time-dependent evolution). Our model captures one
instance of the range of asymmetric trajectories, and it should
be noted that no model at this time is sufficiently accurate
to dictate exactly the properties of the asymmetries (Janka
et al. 2016). In addition, any model that does not include
convection-driven asymmetries from the progenitor star can-
not properly capture the asymmetries (Arnett et al. 2015).
The 3D explosion model used here also displays stochastic
asymmetries, implying that any manner of convective asym-
metry could generate similar results. If this behavior is uni-
versal, it could have important implications. These points
taken together indicate that nucleosynthetic patterns arising
from convection-like behavior are robust, regardless of the
driver. As discussed below, this increases the utility of NSE
nucleosynthesis, particularly of 44Ti and 56Ni, as diagnostics
of the conditions in the progenitor star.
The latter point, the Ye values, could alter our results as
well (see, e.g., Magkotsios et al. 2010). Although more de-
tailed models have addressed neutrino interactions and the
evolution of Ye, the neutrino physics is not yet sufficiently
accurate to model this correctly (Saez et al. 2018). In light of
this, any nucelosynthetic calculation under these conditions
is subject to uncertainty. In order to assess the effect of these
uncertainties on the results presented here, we carried out a
series of nucleosynthesis calculations using thermodynamic
trajectories from the explosion model with a range of values
for Ye. The vast majority of material that reached sufficiently
high temperatures for production of 44Ti and 56Ni saw yield
changes of no more than 3–4% for Ye values from 0.495 to
0.499. This is a larger range of Ye than we would expect from
the material ejected in this particular explosion, so these re-
sults provide a conservative bound on our uncertainties. As
discussed later in Section 3, many of our more important re-
sults are general enough to be robust to small changes in the
nucleosynthetic conditions, so we expect these uncertainties
to not qualitatively alter our conclusions.
The 3D simulation used the SNSPH smoothed particle hy-
drodynamics (SPH) code (Fryer et al. 2006) to follow the
long-term evolution of the supernova explosion and remnant.
This code has been extensively used to follow the ejecta of
supernovae (Hungerford et al. 2003, 2005; Young et al. 2009;
Ellinger et al. 2012, 2013; Wong et al. 2014), taking advan-
tage of the adaptive time steps and variable particle scale
lengths in the method. A central gravity source with absorb-
ing boundary was included to simulate a compact central ob-
ject (CCO) with an initial mass of 1.35 M and radius of
10−4 R. Total mass, linear momentum, and angular mo-
mentum accreted onto the central object were tracked.
The SNSPH code makes use of a limited nuclear reaction
network of 20 isotopes to expedite the energy calculations
for the hydrodynamics. The network terminates at 56Ni and
neutron excess is directed to 54Fe. The network runs in par-
allel to the hydrodynamics calculations, and features its own
time step subcycling algorithm in order to not slow down
the hydrodynamics. Changes in energy and composition are
fed back into the SPH calculation at each (SPH) time step.
It accurately models the energy production during explosive
burning to within 20%.
2.3. Detailed Nucleosynthetic Yields
In order to obtain more accurate nucleosynthetic data,
the thermodynamic trajectories of the particles were post-
processed using the Burnf code (Young & Fryer 2007). Burnf
is a flexible network (e.g., choice of isotopes, etc.) that em-
ploys the same architecture and microphysics as Tycho. This
work is focused on comparisons with species readily observ-
able in supernova remnants. With this aim, it was possible
to economize on processor time by using a moderately sized
network. Calculations here used a 524-isotope network com-
plete up to 99Tc, which provides accurate yields through the
weak s-process. Reverse rates are calculated from detailed
balance and allow a smooth transition to a nuclear statisti-
cal equilibrium (NSE) solver at temperatures T > 1010 K.
Neutrino cooling from plasma processes and the Urca pro-
cess is calculated. For this work, Burnf chooses an appro-
priate time step based on the rate of change of abundances
and performs a log-linear interpolation in the thermodynamic
trajectory of each zone in the explosion calculation. The
initial abundances are those of the 177 nuclei in the ini-
tial stellar model. Only particles that reached temperatures
T > 2× 108 K were post-processed. The individual parti-
cle yields from post-processing with Burnf were recombined
with the particle temporal and spatial information for anal-
ysis and visualization. Note that Harris et al. (2017a) dis-
cuss some of the inherent issues and uncertainties involved
in postprocessing abundances.
In addition to determining isotopic abundances for each in-
dividual SPH particle, we also recorded the peak temperature
experienced by each particle over the length of the simulation
and its density at the time of peak temperature. The peak
temperature and associated density are diagnostics of nucle-
osynthetic conditions in supernova explosions; they influence
nuclear reaction rates, especially for the products of α-rich
freeze-outs, where rapidly changing conditions terminate nu-
clear reactions before NSE can be reached. Production of
44Ti and 56Ni, and their resulting ratio can be very sensitive
to peak temperatures, peak densities, and lepton fraction in
the explosion (Magkotsios et al. 2010), so we expect this ra-
tio to be spatially correlated with those conditions. High-
energy emission lines from the decay of 44Ti can be detected
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in young remnants. Under the assumption that most Fe-rich
material originating in the interior of the remnant are dom-
inated by 56Fe from 56Ni decay, the geometry of 56Ni pro-
duction and abundance relative to 44Ti can be inferred (e.g.,
Grefenstette et al. 2017).
3. 44TI AND 56NI DISTRIBUTION
The isotope 44Ti is produced in the innermost ejecta of a
supernova and provides an ideal probe of the convective en-
gine behind CCSNe. Unlike 56Ni, the production of 44Ti, and
even the path by which it is produced, depends on the exact
conditions of the explosion. Magkotsios et al. (2010) identi-
fied a number of pathways for 44Ti that produce a wide vari-
ation in the ratio of 44Ti to 56Ni, including a “QSE-leakage
chasm” where burning transitions from one QSE cluster to
two, resulting in a mass fraction of 44Ti that is substantially
lower than would be the case for slightly higher or lower
peak temperatures. Production of 56Ni is relatively insen-
sitive to small changes in thermodynamic conditions. The
strong sensitivity in the 44Ti production coupled to the much
less sensitive 56Ni production make the ratio of these yields
a strong probe of the details of the explosion mechanism. In
this section, we explore the dependency of the yields and, in
particular, the ratio of 44Ti to 56Ni, on our specific explosion
trajectories.
The nature of the convective engine is that it produces
strong explosions along some directions (or lobes) with
weaker explosions in between. The α-rich freeze-out re-
gion that Magkotsios et al. (2010) argued would be the most
efficient at producing 44Ti is tied to the strong explosive lobes
and can be identified by regions where the 4He abundance
fraction is also high. Figure 2 (left) shows the 4He abundance
in xy cross-section of our three-dimensional model. The cor-
responding 44Ti distribution, as shown in figure 2 (right),
traces this α-rich region. Regions without a large fraction of
α particles (4He nuclei) did not produce much 44Ti. The iso-
tope 56Ni is produced in this same region, but the 56Ni/44Ti
ratio varies considerably. Figures 3 and 4 are histograms
of all particle Fe/44Ti values for the simulation for particles
having 44Ti mass fraction X(44Ti) > 10−6. In figure 3, the
particles are each weighted by their total mass. In figure 4,
the particles are instead weighted by their total iron mass
(including all Fe isotopes and 56Ni, since 56Ni eventually de-
cays to 56Fe). Each histogram shows two distinct populations
of particles: those having Fe/44Ti ratios of ∼ 102.5 and those
having Fe/44Ti ratios of ∼ 103.9. There are also minor peaks
visible with Fe/44Ti ratios near 101.0 and 101.8.
To understand the variations in the Fe/44Ti ratio better, we
must explore how the temperature and density evolution of
different ejecta can influence the final 44Ti yield. Magkot-
sios et al. (2010) found that the peak temperature and den-
sity (at time of peak temperature) of material ejected from
a supernova dictate the final 44Ti and 56Ni yields. While
Magkotsios et al. (2010) studied a wide range of peak tem-
perature/density pairs, we focus on the pairs encountered for
the specific trajectories in our simulation. Figure 5 shows the
44Ti abundance of our SPH particles as a function of the peak
explosion conditions. This figure was produced by binning
all the simulation particles in two dimensions by their peak
temperature and associated density during the run. The color
displayed in each bin indicates the total 44Ti mass fraction
Xbin(44Ti) of particles in the bin, which is given by
Xbin(44Ti) =
∑
i∈binmiXi(
44Ti)∑
i∈binmi
, (1)
where Xi denotes the mass fraction of a particular isotope or
element in particle i, mi is the total mass of particle i, and
summation over i ∈ bin means summing for all particles i in
the bin. Figure 5 is scaled and colored in the style of Magkot-
sios et al. (2010) for ease of comparison with their results.
The corresponding plot for 56Ni production is shown in fig-
ure 6. Comparing these plots gives a first look at the condi-
tions that produce the lowest and highest Fe/44Tiratios. The
hotter trajectories are the most efficient at producing 56Ni and
44Ti.
Figure 7 is similar to figures 5 and 6, but instead of dis-
playing one abundance in each bin, the colors now indicate
the aggregate mass-weighted Fe/44Ti ratio of all particles in
the bin, which is given by
Xbin(Fe)+Xbin(56Ni)
Xbin(44Ti)
=
∑
i∈binmi
[
Xi(Fe)+Xi(56Ni)
]∑
i∈binmiXi(44Ti)
. (2)
This series of figures shows the temperature and density con-
ditions under which 44Ti and 56Ni production result in the
bimodal ratios that appear to be characteristic of both Cas A
and our simulation. Material produced at high temperatures
in the α-rich freezeout region has a very low Fe/44Ti ratio,
of order a few hundred. This transitions rapidly to Fe/44Ti
of several thousand or even several times 104 at lower tem-
peratures. At even lower temperatures, there is another rapid
transition to a small population of particles with Fe/44Ti of
several hundred. In this regime, 44Ti and 56Ni are produced in
similar amounts at mass fractions of order 10−5 by explosive
silicon burning. The Fe/44Ti ratio is still several hundred due
to the presence of iron isotopes remaining from the progeni-
tor star’s initial composition.
Figure 8 shows two-dimensional histograms of Fe/44Ti ra-
tio plotted against peak temperature and peak radiation en-
tropy, where the total mass in each bin is indicated by the
color scales. Peak radiation entropy is defined as the radia-
tion entropy at the time of peak temperature, which is related
to the peak temperature and density via
Srad(Tpeak) =
T 3peak
ρ(Tpeak)
, (3)
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Figure 2. Abundance of 4He (left) and 44Ti (right) in an xy cross-section of the simulation. Much of the 44Ti production corresponds to α-rich
regions in the ejecta. Additional 4He is present in the Rayleigh-Taylor fingers formed by the reverse shock from the H-He interface at the base
of the envelope traveling through products of partial He burning.
Figure 3. Histogram of particle Fe/44Ti ratios for the simulation.
Particles are weighted by their total masses, so each bin displays
the sum of the masses of all particles it contains.
where Tpeak is the peak temperature and ρ(Tpeak) is the asso-
ciated density. It can be seen that region 4, which has very
low typical values of Fe/44Ti, represents a small amount of
overall mass relative to the other regions. The regions are
well separated in peak temperature space, but the separation
is much less clear in radiation entropy, since there is consid-
erable degeneracy in T 3/ρ pairs that result in the same value
of Srad.
Employing these plots, we can now better understand the
yields from this explosion. To this end, we have separated
the ejecta into four regions in peak temperature/density space
that are numbered 1 through 4. Table 1 provides precise def-
initions for the boundaries delimiting each region, as well
as some thermodynamic quantities for the mean thermody-
namic trajectories of particles in each. Magkotsios et al.
Figure 4. Alternate histogram of particle Fe/44Ti ratios for the sim-
ulation. Particles are weighted by their total iron masses, so each
bin displays the sum of the masses of all Fe isotopes plus 56Ni from
all particles in the bin.
(2010) identified multiple burning regions, and the yields
from our first two regions can be understood by comparing
to these burning regions.
Region 1 includes the outermost ejecta, the coldest ma-
terial that still produces 44Ti. The conditions in this ejecta
correspond to the “Si-rich” zone (incomplete burning) iden-
tified by Magkotsios et al. (2010) to the left of the Ti-depleted
chasm. Nuclear burning in this region produces and destroys
44Ti through a variety of pathways and is sensitive to many
nuclear reactions.
Region 2 is slightly hotter and corresponds to material just
to the right of the QSE leakage chasm. The burning is more
complete and the 56Ni production rises dramatically, but it
is still sensitive to some rates and the exact conditions of the
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Table 1. Thermodynamic properties for the mean trajectories of each region. The second and
third columns delimit the extent used in defining each region of particles.
Region Tpeak logρ(Tpeak) Tpeak logρ(Tpeak) logSrad(Tpeak) log(Fe/44Ti)
Number Range Range Mean Mean Mean Mean
— (109 K) [g cm−3] (109 K) [g cm−3] [K3 cm3 g−1] —
1 (3.3, 4.2) (5.9, 6.4) 3.65 6.08 22.61 2.58
2 (4.2, 5.3) (6.1, 6.8) 4.77 6.45 22.59 3.92
3 (5.3, 8.4) (6.6, 7.3) 7.04 7.03 22.51 2.82
4 (8.4, 10.1) (6.5, 7.0) 9.20 6.77 23.12 1.57
Figure 5. Two-dimensional histogram of the simulation particles
by peak temperature and associated density during the run. Each
particle is weighted by its 44Ti mass divided by the total mass of
all particles in the bin, so colors indicate the mass-averaged 44Ti
abundance of all contained particles. This figure is produced in the
style of Magkotsios et al. (2010) for ease of comparison to their
work.
Figure 6. Same as figure 5, but colors indicate the combined 56Ni
abundance of each bin.
Figure 7. Two-dimensional histogram similar to figures 5 and 6, but
with each bin color indicating the aggregate mass-weighted Fe/44Ti
ratio (including 56Ni) of all particles in the bin.
ejecta. Magkotsios et al. (2010) found that, for the same tem-
perature, the 44Ti production is lower at higher densities (as
it approaches the QSE leakage chasm) and peaks at slightly
lower densities than those found in our model. In this way,
the 44Ti abundance is sensitive to the progenitor: the higher
the progenitor’s mass, the higher the density in the trajecto-
ries producing a lower 44Ti yield in this region.
Region 3 corresponds to α-rich nucleosynthesis produced
in the energetic outflows of our asymmetric ejecta. This ma-
terial is the least sensitive to uncertainties in nuclear rates.
Region 4 is characterized by very hot (above ∼ 9×109 K)
but relatively low-density material. These conditions are
very efficient at producing 44Ti and this ejecta is responsi-
ble for the small amount of material appearing in figure 4
near log(Fe/44Ti) ∼ 1.0 and 1.8. In general, our yields dif-
fer only slightly from those of Magkotsios et al. (2010), but
we have much more efficient 44Ti production in our region 4
than a peak temperature/density solution based on the mod-
els of Magkotsios et al. (2010). This material is the highest-
entropy ejecta caused by the strongest explosion lobes. This
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Figure 8. Two-dimensional histograms of Fe/44Ti ratio as a function of peak temperature (left) and peak radiation entropy (right). The colors
indicate the sum of the particle masses in each bin. Regions 1, 2, 3, and 4 (appearing from left to right) are well-separated in peak temperature.
is in the αp-rich region identified by Magkotsios et al. (2010).
In Magkotsios et al. (2010), this region produced 44Ti with
the same efficiency as the α-rich region. In our simulations,
this ejecta very efficiently produces 44Ti, yielding the lowest
Fe/44Ti ratios.
In the rest of this section, we will study these differences,
determining that they arise from deviations of the evolution
of the matter away from a simple power law or exponential
trajectory. Although these simple trajectories are useful for
parameter studies like those of Magkotsios et al. (2010), the
sensitivity of 44Ti production to the thermodynamic trajec-
tory can make it difficult to produce exact yields with ana-
lytic trajectories. Figures 9–11 show the evolution of mean
density, temperature, and radial velocity with time for the re-
gions of interest. The lightly shaded regions show the 1σ
spread of those quantities around the mean.
After times of 3–5 s, the shock stops accelerating and, in
some cases, begins to decelerate. Convective motions re-
sult in some material with negative radial velocities at cer-
tain points in the evolution. This causes a pileup of mat-
ter, and the densities and temperatures of the ejecta’s thermal
trajectories tend to increase. It is this pileup that alters the
yields, causing differences when compared to expectations
based on studies using power law trajectories. Especially for
our hottest ejecta, the pileup pushes the temperature into a
regime where nuclear burning is extremely active, and it is
unsurprising that the 44Ti production varies dramatically for
this matter with respective to the Magkotsios et al. (2010)
results for the same peak temperatures and densities.
To understand the dependencies of the yields on the tem-
perature and density evolution better, we performed nucle-
osynthesis calculations for trajectories corresponding to the
mean trajectories in the four regions. For each of these tra-
jectories, we start with initial mass fractions of X(16O) = 0.7,
Figure 9. Mean density of thermodynamic trajectories for the 44Ti-
rich regions (region 1 in yellow, region 2 in blue, region 3 in red, and
region 4 in green). Shaded areas represent 1σ spreads for particle
densities. Means and standard deviations were calculated in log
space. The t axis is a “symmetric log scale,” which is linear near
zero to more effectively show values at early times.
X(28Si) = 0.2997, and X(56Fe) = 1.3× 10−3. For each re-
gion, we use two trajectories: the first based on the mean
temperature/density evolution from our simulations and the
second based on the best-fit power laws to each simulated
trajectory. Exponential trajectories were found to be very
poor fits to the evolution. The final yields of each of these
models can be found in table 2. The final yields can dif-
fer between our simulation trajectories and the simple power
laws by more than a factor of 2. In the case of 44Ti, pro-
duction varies by an order of magnitude in region 4. For re-
gion 1, these differences demonstrate just how sensitive the
yields are in the incomplete-burning, Si-rich phase. In re-
gions 3 and 4, the differences are caused because the pileup
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Figure 10. Mean temperature of thermodynamic trajectories for the
44Ti-rich regions (region 1 in yellow, region 2 in blue, region 3 in
red, and region 4 in green). Shaded areas represent 1σ spreads for
particle temperatures. Means and standard deviations were calcu-
lated in log space. The t axis is a “symmetric log scale,” which is
linear near zero to more effectively show values at early times.
Figure 11. Mean radial velocity of thermodynamic trajectories for
the 44Ti-rich regions (region 1 in yellow, region 2 in blue, region 3
in red, and region 4 in green). Shaded areas represent 1σ spreads for
particle radial velocities. Unlike figures 9 and 10, means and stan-
dard deviations in this figure are calculated normally (i.e., in linear
space). Also, the t axis here uses a conventional log scale. Note: ra-
dial velocity data was unavailable for simulation times earlier than
1.25 s.
alters the temperature considerably when nuclear burning is
still active. Figures 12–15 show the evolution (based on the
simulation trajectories) of the 44Ti, 56Ni, 28Si, neutron, pro-
ton, and α-particle abundances both plotted against time and
plotted against temperature. Figures 16–19 show this same
evolution for the best-fit power law models.
Region 1 has the lowest peak temperature, and the pileup
occurs when the ejecta is already quite cool. In this case, the
bump in temperature has very little effect on the final yields.
However, the initial rapid temperature evolution (somewhere
in between an exponential decay and a power law decay)
means that the burning time frame is much more abrupt in our
simulations with respect to a power law fit, producing less
44Ti. This causes our region 1 yields to be lower than those
expected from a power law profile. The same abrupt evolu-
tion occurs in region 2, causing slightly different final yields.
As with region 1, the increase in the temperature when the
material is hit by the reverse shock has only a minimal effect
on the final yields.
Regions 3 and 4 are hotter than the first two regions and
most of the 44Ti production occurs when the trajectory is well
mimicked by a power law. However, the reverse shock drives
the temperatures in these two regions sufficiently high to alter
the late-time burning, altering the final yields. In these cases,
this phase increases the net 44Ti production.
In the very broad α-rich freezeout region both 56Ni and
44Ti have a weak dependence on thermodynamic conditions
and converge on a low Fe/44Ti ratio, the exact value of which
can be altered by dynamics that deviate from an analytic
trajectory. The transition to the QSE-leakage chasm is ex-
tremely sharp in temperature. Within the chasm, many parti-
cles have log(Fe/44Ti)∼ 3.9, and very little material with in-
termediate Fe/44Ti is produced. On the Si-burning side of the
chasm 44Ti abruptly rises, though not to the level seen in the
α-rich freezeout. At lower temperatures, production of both
56Ni and 44Ti are similar and much reduced, but the presence
of Fe in the star’s original composition conspires to maintain
a ratio of log(Fe/44Ti)∼ 2.6. This low temperature, low 56Ni
material should, in principle, be distinguishable from high
temperature production with a similar log(Fe/44Ti)∼ 2.6 by
the presence of significant amounts of Si. For material in
a Population I supernova with ρ(Tpeak) < 1.0× 108 g cm−3,
a broadly bimodal Fe/44Ti distribution like that observed in
Cas A is a natural consequence of the nucleosynthesis. Since
the formation of this bimodal distribution in Fe/44Ti is so ro-
bust to details of the trajectories, we should find observation-
ally that this distribution is a common feature of supernova
remnants.
These studies of the yields production confirm the basic
trends in Magkotsios et al. (2010) with the yields depending
on different physics in different regions, but the final results
do depend on the temperature/density evolution of the ejecta.
In some cases, an exponential decay followed by a power
law decay may be a better fit for the trajectories, but nei-
ther of these trajectories account for the pileup and heating
of the ejecta which, for some cases, can significantly alter
the yields. It is important to gain intuition from simple tra-
jectories, but quantitative results will require studies using
simulated temperature/density evolution.
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Table 2. Comparison of selected final abundances for nucleosynthesis calculations using the mean trajectories from each region and
the best-fit power law trajectories.
Region 1 Region 1 Region 2 Region 2 Region 3 Region 3 Region 4 Region 4
Power Law Mean Traj. Power Law Mean Traj. Power Law Mean Traj. Power Law Mean Traj.
n 2.16×10−49 1.14×10−48 3.66×10−57 1.54×10−55 1.41×10−44 9.52×10−45 2.56×10−42 3.79×10−43
p 3.46×10−31 6.11×10−34 1.19×10−26 3.04×10−29 3.32×10−13 2.58×10−15 1.01×10−12 2.40×10−14
4He 2.25×10−16 1.20×10−16 7.78×10−11 7.61×10−11 6.24×10−2 1.09×10−1 1.77×10−1 2.80×10−1
28Si 5.38×10−1 7.22×10−1 1.07×10−1 2.37×10−1 9.22×10−5 1.41×10−4 3.10×10−4 2.09×10−4
44Ti 6.54×10−6 1.91×10−7 4.31×10−5 5.22×10−5 1.08×10−3 2.14×10−3 3.08×10−3 4.93×10−2
56Ni 8.46×10−6 1.56×10−6 6.50×10−1 3.93×10−1 9.00×10−1 8.42×10−1 7.86×10−1 5.75×10−1
Fe+56Ni 1.13×10−3 1.15×10−3 6.82×10−1 4.18×10−1 9.01×10−1 8.44×10−1 7.89×10−1 5.88×10−1
Figure 12. Mass fraction evolution plotted against temperature (left) and time (right) for a series of significant isotopes. Temperature and
density trajectories used were the mean of the region 1 particles. (See figures 9 and 10.)
Figure 13. Same as Figure 12, but for the region 2 particles’ mean trajectories.
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Figure 14. Same as Figure 12, but for the region 3 particles’ mean trajectories.
Figure 15. Same as Figure 12, but for the region 4 particles’ mean trajectories.
Figure 16. Mass fraction evolution plotted against temperature (left) and time (right) for a series of significant isotopes using best-fit power
law trajectories for temperature and density of the region 1 particles.
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Figure 17. Same as Figure 16, but using best-fit power law trajectories of the region 2 particles.
Figure 18. Same as Figure 16, but using best-fit power law trajectories of the region 3 particles.
Figure 19. Same as Figure 16, but using best-fit power law trajectories of the region 4 particles.
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Figure 20. Rendering in 3D of the 44Ti distribution tracing the
asymmetries in the supernova engine. The color intensity indicates
the log of the mass fraction of 44Ti. The distribution of the 56Ni
traces the same regions.
4. SUMMARY
In this paper, we studied the 44Ti and 56Ni production in a
three-dimensional supernova explosion model. For the most
part, these two isotopes are both produced in the innermost
ejecta of the explosion, and their distributions reflect the
asymmetries in the supernova engine. Figure 20 shows the
44Ti distribution at late times in our model. The asymmetries
in this distribution trace asymmetries in the explosive engine.
The total iron distribution (shown in figure 21) extends be-
yond the 44Ti, but also traces the asymmetries in the explo-
sive engine. Figure 22 shows the Fe/44Ti ratio in regions with
44Ti mass fraction X(44Ti) > 10−6. As shown in Figures 3
and 4, the Fe/44Ti ratios of particles in the explosion form a
largely bimodal distribution with peaks at log(Fe/44Ti)∼ 2.5
and log(Fe/44Ti)∼ 3.9. This formation of such a distribution
is robust under a range of conditions, so it would be expected
as a common feature of supernova remnants.
The Fe/44Ti ratio provides additional clues into the na-
ture of the supernova explosion. We have shown how the
density and temperature evolution affects this ratio. Asym-
metric supernovae like our model produce a wide range of
conditions that can produce Fe/44Ti ratios that vary from as
low as log(Fe/44Ti) ∼ 1.0 (up to ∼ 10% of the total mass
of iron in 44Ti) to high log(Fe/44Ti) values exceeding 5.0
(very little 44Ti). In general, the trends in these yields follow
the trends studied by Magkotsios et al. (2010) where the α-
rich freezeout region produces the most 44Ti (lowest Fe/44Ti
value). Material produced in the chasm or in the incomplete-
burning (i.e., silicon-rich) region produces higher Fe/44Ti
values. High 44Ti abundances in maps of supernova remnants
Figure 21. Rendering in 3D of the total iron distribution, consisting
of all Fe isotopes plus 56Ni. As with figure 20, the color intensity
indicates the log of the mass fraction. The total iron production in
our model extends beyond the 44Ti distribution (see figure 20).
Figure 22. Rendering in 3D of the spatial Fe/44Ti ratio in our
model. The color intensity indicates the log of the ratio.
like those done by NuSTAR (Magkotsios et al. 2010) probe
strong shock regions.
However, the density and temperature evolution can vary
dramatically from the simple power law or exponential de-
cays studied in most parameter studies. In our asymmetric
explosions, shocks can cause some ejecta to re-heat while
still undergoing nuclear burning, and these alterations in the
evolution can significantly alter the final yields. Detailed
three-dimensional studies such as those presented here are
essential in using details in the observed abundances to probe
the exact conditions of the shocks.
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In this work, we also demonstrate that full 3D super-
nova models are capable of developing stochastic large-scale
asymmetries driven by convection from fallback of material
onto the proto-neutron star. Since this asymmetry formed on
its own and was not imposed by the model setup, it seems
likely that other 3D models could independently develop
similar behaviors. Indeed, this behavior could be an impor-
tant universal feature of supernovae. The uniformity of this
nucleosynthetic behavior under the effect of stochastic mo-
tions from convective processes implies that the details of
circulation of material from any early time process, whether
convection from the engine, changing gravitational potential,
or pre-explosion progenitor convection, are not the dominant
controllers of Fe/44Ti. We should expect a bimodal Fe/44Ti
distribution in the majority of supernovae with ejecta that
reaches NSE temperatures. Uniformly low Fe/44Ti would
indicate that only very high density material reached NSE
temperatures. In order for lower density material to produce
only low Fe/44Ti, little QSE processing can take place de-
spite material being heated to NSE. Therefore a low Fe/44Ti
unimodal distribution requires a very massive progenitor to
produce the requisite densities and a strongly asymmetric ex-
plosion to excavate the high density material without heating
shallower, lower density regions to NSE temperatures.
Many remnants are too distant to be resolved with high-
energy telescopes. However, we can use the Doppler broad-
ening of lines to study the structure in the ejecta. Figure 23
shows the velocity distribution of the 44Ti, 56Ni, and the
Fe+56Ni ejecta for a few different lines of sight in our simula-
tion. The structure in these velocity distributions can provide
evidence of asymmetries in the explosive engine. Hard X-ray
and γ-ray missions that have good energy resolution may be
able to resolve these features. As the sample of such obser-
vations grow, we will be able to study the level of asymmetry
in core-collapse supernovae.
Other abundances also depend on the shock strength (fig-
ure 24), and observing the variations of these abundances in
different regions of the remnant can also probe properties of
the explosion. Figure 24 shows both the total yield distri-
bution as well as the yield distributions in each of our four
regions independently. The hotter regions visibly produce
heavier elements in greater abundance, but we defer a de-
tailed study of these abundances to a later paper. Our models
do not include late-time engine interactions that are seen in
many multi-dimensional models (e.g., Harris et al. 2017b).
These effects will also alter the yields, and much more work
is needed to understand the full yields from supernovae.
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Figure 23. A visualization of 56Ni, 44Ti, and total iron distribution
plotted against line-of-sight velocity for a sample of three lines of
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z axis.
Figure 24. Total and specific abundances plotted against isotope
proton number Z for all four discussed regions in our explosive
ejecta.
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